Microalgae cultivation is justified by the production of high-value fine chemicals and biofuels, essential to reduce the emissions of gases that cause global warming. This paper presents a study of the growth of microalgae Haematococcus pluvialis considering light conditions from 2000 to 10,000 lux, temperature 22˚C and pH in the 6.5 -12.5 range. The experiments were performed in 4 liter flat plate photobioreactors using the Rudic culture medium. The biomass growth was measured by counting cells in a Neubauer chamber. Both the light intensity and the pH of the medium influenced the rate of growth of the microalgae. A model with exponential behavior was proposed to describe the production of microalgae biomass over time. A nonlinear autoregressive model based on an Artificial Neural Network was used to predict the dynamic behavior of the pH during the growth of the microalgae at different light intensities. Simulations were carried out to analyze the behavior of biomass production at other light intensities within the range considered.
Introduction
The mass cultivation of microalgae has recently aroused interest in the area of bioenergy although it has been used for many years as a source of fine chemicals, food and wastewater treatment. Currently, the photosynthesis of microalgae is considered significant for reducing emissions of carbon dioxide [1] . These microorganisms can be used to provide some different sources of renewable energy such as biodiesel, ethanol, bio-hydrogen.
The biomass can be used to produce synthesis gas, biooil by thermal treatments, or biogas by anaerobic digestion.
Microalgae also produce dyes, fatty acids, polysaccharides and vitamins that are of great interest to the pharmaceutical, food and textile sectors, among others. Thus, biodiesel from microalgae can be considered a co-product in the context of products of high added value and other commodities.
Microalgae is considered a suitable alternative for a new generation biodiesel because some species have a high oil content [2, 3] . The possibility of energy production from biomass is promising, but with other chemicals being produced in parallel, like a bio-refinery designtype.
The use of microalgae as a feedstock for the production of biofuels has been suggested by many researchers as essential to reduce emissions of gases that cause global warming. Currently, biodiesel is produced from plants such as the soybean, sunflower, canola, cotton, castor, palm oil, among other sources, such as animal fat. However, a study reported by Crutzen et al. [4] shows that N 2 O emissions may cancel the beneficial effect from the use of these fuels to reduce global warming because the nitrous oxide, whose emission is accelerated due to the production method used by the agrobusiness, increases global warming. One molecule of nitrous oxide represents a potential greenhouse effect 296 times higher than one molecule of carbon dioxide [4] .
The composition of microalgae in general consists of fatty acids, carotenoids, proteins, carbohydrates and minerals [5] . Haematococcus pluvialis is a green algae (Chlorophyta), mobile, single-celled, photosynthetic and capable of synthesizing and accumulating the pigment astaxanthinin response to environmental conditions [6, 7] . According to Issarapayup et al. [8] , this pigment has a higher antioxidant activity than other carotenoids, and may be used in the food industry and has great potential to fight cancer.
With the growing interest in the mass cultivation of microalgae, the kinetic modeling of the biomass production and the efficient design of photobioreactors have become important, as well as predicting performances and optimizing process operating conditions [1] .
The biomass production of microalgae Haematococcus pluvialis is studied in this work. This species has a high lipid concentration and produces the pigment astaxanthin, which, due to its attractive color and biological functionality, is used as food supplement, food colorant and pigment source in aquaculture [7] . Bench scale tests were conducted to analyze the main process variables that affect the growth of microalgae: light intensity and the pH of the culture medium.
Biomass production was represented by an exponential model whose parameters were adjusted to describe the growth behavior of microalgae biomass over time, considering a light intensity ranging from 2000 to 10,000 lux. A nonlinear autoregressive model based on an Artificial Neural Network was also identified to describe the dynamic behavior of the pH during the growth of microalgae at different light intensities. Simulations were performed to predict the behavior of biomass production at other light intensities.
Material and Methods

Microorganism Data
The microorganism used as inoculum was the microalgae Haematococcus pluvialis. The strain is derived from the stock of microalgae Laboratory of Physiology and Cultivation of Algae, coordinated by Prof. Sergio Lourenço (Universidade Federal Fluminense, Rio de Janeiro). The microorganisms were maintained in a photoperiod chamber at a temperature of 295 ± 1 K and light intensity of 35 ± 5 mol photons m
The material was washed and sterilized at 121˚C and 2 atm for 30 min in a vertical autoclave Phoenix model AV plus.
Culture Medium
The culture medium used was Rudic (RM) [9] , adopted by Imamoglu et al. [5] to produce the microalgae biomass. The nutrient composition can be found in the above mentioned reference.
The culture medium was sterilized by autoclaving at 121˚C and 1 atm for 10 minutes. The equipment used for this procedure was a vertical autoclave Phoenix model AV plus.
Cultivation Conditions and Biomass Production Quantification
The experiments were performed on flat plate type reactors ( Figure 1) , with dimensions 0.08 × 0.2 × 0.3 m. The reaction volume was 3.5 L in which the inoculum made up 10%. The reactors were connected to an air bubble system, using an air compressor, ensuring the necessary turbulence for the mass transfer. The light intensity ranged from 2000 to 10,000 lux, the temperature was kept at 22˚C ± 1˚C and the pH ranged from 6.5 to 12.5.
The reactors were inoculated inside a laminar flow chamber (Pachane, Pa 320) and then transferred to another room with controlled temperature and ambient light. The intensity of light was measured by a light meter and/or a radiometer. Both devices were calibrated in the Laboratory of Optical Properties (LAPO) (Physics Institute of Federal University of Bahia). The pH was measured using a pH meter Thermo Scientific Orion 3 Star. The calibration was performed using buffer Orion Application Solution from Thermo Scientific.
The increase in microalgal biomass was quantified using the method of counting cells in a Neubauer chamber [10] using a microscope Carl Zeiss-Axiostar Plus. The analyses were performed in duplicate.
Results and Discussion
Model for Biomass Production in Varying Light Intensities
The growth of biomass follows a sigmoidal curve, similar to a critically damped dynamic system of second order [11] . There is a dead time (lag phase), as can be seen by the experimental data. A model structure was proposed to represent the biomass growth (Equation (1)). y is the microalgal biomass concentration (cells/mL), A (cells/mL) and B (h) are parameters of the equation, t m is the dead time (hours), t is the time (h) and y 0 corresponds to the initial concentration of biomass (cells/mL). The dead time or the time lag is the time associated to the adaptation of the microorganisms to the culture medium and experimental conditions. Figures 2-4 show the experimental data and the model predictions for the light intensities of 2000, 6000 and 10,000 lux, respectively. Table 1 shows the values of the parameters (A and B) estimated in each case, considering the dead time measured directly from the experimental data. This curve fitting was performed by solving a least squares algorithm restricted to a search region (nonlinear optimization problem with inequality constraints). The model proposed describes the growth of biomass for the analyzed range of light well, with correlation coefficients equal to 0.99, 0.97 and 0.98, respectively. The behavior shown in the previous curves may be explained by the changes in cellular physiology. Higher light intensities produce a smaller quantity of biomass due to the trend of the cells to produce pigments, delaying growth.
Zhang et al. [12] observed that with high light intensity imposed immediately after inoculation, the culture becomes yellowish and the growth rate reduces considerably, leading to a reduction in the total biomass produced. To solve this problem the authors provided a faint light at the beginning of cultivation and then gradually increased the light intensity proportional to the increase in cell density. This strategy proved useful for both the vegetative growth of cells and for the accumulation of astaxanthin cultivation phases.
From the values of the parameters presented in Table  1 , a global model was developed in order to predict the production of biomass from Haematococcus pluvialis microalgae at any light intensity between the range of 2000 to 10,000 lux. This model was generated by adjusting the parameters as a function of light intensity, according to a polynomial function (Equation (2)).
where L is the light intensity (lux).
Figures 5 and 6 show the theoretical curves for biomass production using this model, in the range of 3000 to 9000 lux. A reduction in biomass production at the end of the batch is observed for light intensities ranging from 3000 to 5000 lux. For light intensities between 7000 -9000 lux there is an increase in the growth rate at the initial stage, but a reduction in the amount of biomass at the final stage of the process.
Results described by Boussiba and Vonshak [13] and Zhang et al. [12] show that the increase in the accumulation of astaxanthin at high light intensities, caused by changes in cellular metabolism, causes a change in the growth rate of microalgae production leading to a lower production of the total biomass, according to the results showed by the proposed model.
Low light intensities are usually insufficient for the accumulation of astaxanthin, as noted by DominguezBocanegra et al. [14] . Therefore it is important to use an adequate light intensity to prioritize both the vegetative growth of the cells and the gradual accumulation of astaxanthin within the cells. 
Autoregressive Model for the Prediction of Dynamic Behavior of pH at Different Light Intensities
The pH of the culture medium follows a nonlinear behavior. A nonlinear autoregressive model based on an Artificial Neural Network (ANN) was used to predict this behavior at different light intensities. The configuration that provided the best results comprised an ANN with two neurons in the hidden layer considering only one past value of pH in the input layer. Figure 7 shows this structure which has the ability to predict, recursively, the changes in pH over time. The activation functions adopted in the hidden neurons and in the output neuron were sigmoid and linear functions, respectively.
Seven parameters were estimated for each light intensity (four synaptic weights and three biases, namely, w 1 , w 2 , w 3 , w 4 , b 1 , b 2 and b 3 ).
The pH value predicted by the ANN is given by Equation (3):
where: The parameters were adjusted for each light intensity in order to obtain a global model to predict the pH in the range of 2000 to 10,000 lux. Figure 8 show the pH curves versus time using ANN and the experimental data for light intensities of 2000, 6000 and 10,000 lux respectively. The correlation coefficients calculated after the adjustment of the pH curves for 2000, 6000 and 10,000 lux were 0.9076, 0.9995 and The greater the light intensity in the medium, the sooner the pH increases, thus discouraging microbial growth and promoting the production of astaxanthin. This explains the higher specific growth rate observed for the 2000 lux experiments when compared to those with 10,000 lux.
In the photosynthesis reaction (Equation (6)) [15] , the use of carbon dioxide results in a shift in the balance of the dissolution reaction of this gas in water (Equation (7)), favoring a reduction in protons H + in the medium. Thus, a higher light intensity favors the photosynthesis process, increasing the pH, a fact observed during all the batch experiments without pH control. 
High light intensities can generate lower yields of biomass as a result of the increase in pH. Thus, to obtain an appropriate batch culture without pH control, if the goal is vegetative growth, the use of light intensity that varies from 2000 to 6000 lux is recommended for the cultivation of Haematococcus pluvialis microalgae. If the goal is astaxanthin production, the increase in light intensity must be performed gradually to avoid a significant decrease in productivity. The evaluation and control of pH in the culture medium is of great importance because the concentration of hydrogen ions is one of the most important factors that can affect the growth of algae cells [16] . The concentration of hydrogen ions influences the metabolism of the microorganisms and thus deter-mines the biosynthesis of secondary metabolites such as the astaxanthin product.
Conclusions
An empirical model for predicting the production of biomass of the microalgae Haematococcus pluvialis with light intensities ranging from 2000 to 10,000 lux is presented and analysed. The behavior of the pH of the culture media is also predicted using a model based on an artificial neural network (ANN) for the same range of light intensities. Both models described the expected experimental behavior reasonably well.
Although it is expected that an increase in light intensity helps accelerate the rate of growth of microalgae biomass, it also causes a reduction in the amount of Haematococcus pluvialis biomass produced due to the increase in the accumulation of the pigment astaxanthin. The greater the light intensity in the culture medium, the sooner the pH increases, influencing the cell metabolism inhibiting microbial growth and promoting the production of astaxanthin.
For successful batch cultivation of Haematococcus pluvialis microalgae without pH control, the use of a light intensity that varies from 2000 to 6000 lux is recommended if the goal is vegetative growth. On the other hand, if the goal is to produce astaxanthin, there must be a gradual increase in light intensity to avoid a significant decrease in the biomass yield.
